The electronic character of a -conjugated molecular overlayer on a metal surface can change from semiconducting to metallic, depending on how molecular orbitals arrange with respect to the electrode's Fermi level. Molecular level alignment is thus a key property that strongly influences the performance of organic-based devices. In this work we report how the electronic level alignment of copper-phthalocyanines on metal surfaces can be tailored by controlling the substrate work function. We even show the way of finely tuning it for one fixed phthalocyaninemetal combination, such that charge transfer into empty molecular levels can be triggered across the metal-organic interface. These intriguing observations are the outcome of a powerful combination of surface-sensitive electron spectroscopies, which reveal a number of characteristic spectroscopic fingerprints that provide a fully coherent picture of the physical chemistry phenomena occurring at these relevant interfaces.
2 Energy-level alignment at hetero-interfaces plays an essential role in the functionality of charge injection devices, such as organic solar cells, where the efficiency is largely determined by the relative band edge positions of all its constituents. By way of example, band alignment at the metal/semiconductor interface critically affects the contact resistance, which often limits device performance. 1 In fact, an appropriate level alignment may drive the formation of hybrid interface states at the Fermi energy, trigger significant charge transfer and lower interface potential barriers. 2, 3 Electrical doping 4 and/or interface engineering 1, [5] [6] [7] [8] are thus essential to optimize the relative energies of the electronic states involved in the conduction within each of the materials: (i) the states around the Fermi level in the metal and (ii) the valence or conduction bands in the semiconductor. 9, 10 For the particular case of organic semiconductors, upon which increasingly high hopes are being placed as future active components of a variety of devices, the critical states correspond to the highest occupied (HOMO) and lowest unoccupied molecular orbitals (LUMO). Their alignment with respect to the substrate's Fermi level has therefore been extensively studied over the last decades for many molecule-metal combinations. Initially it was assumed that the energetics was governed by vacuum level alignment according to the SchottkyMott model. Within this model, for a given molecule with specific ionization potential and electron affinity, the charge injection barriers are simply defined by the electrode's work function. It was soon found, however, that much more complex processes are involved, including the generation of interface dipoles, charge transfer or interface hybridizations. 2, 3, 11, 12 For all that, the electrode's work function remains, although in a less predictable manner, a key parameter with which to influence the energy level alignment. Most importantly, the work function can be easily modified experimentally, typically by changing the substrate material, the surface orientation or by additional surface functionalization.
In this work, we apply this concept to phthalocyanine-based metal-organic interfaces. Today copper-phthalocyanine CuPc, an archetypal heteroaromatic dye, as well as its fluorinated counterpart F 16 CuPc, 13 are widely studied due to their electronic properties, processing flexibility, and to the promising efficiencies of phthalocyanine-based optoelectronic devices.
Using a thorough electron spectroscopy approach, we characterize the electronic levels of copper-phthalocyanines at the interface with coinage metals. As a result of the decreasing work function when changing from Au(111), through Cu(111) to Ag(111), we observe a tunable energy level alignment, including a controllable charge transfer to the molecular LUMO. Our spectroscopic analysis reveals that transferring charge from the substrate lifts the LUMO degeneracy, breaking the four-fold symmetry of the phthalocyanine. Most remarkably, we show that this charge transfer into the LUMO can be tuned even at the very same metal-organic interface by making use of the supramolecular environment-dependent work function in molecular blends.
14,15

Results
The different interface energy level alignment of F 16 CuPc monolayers on various coinage metal surfaces is summarized schematically in Fig. 1a . crosses the low energy tail of the LUMO level, inducing a partial charge transfer from substrate to molecule. As shown in Fig. 1a and in analogy to the previously reported findings upon charging of the closely related CuPc, 16 the two-fold degeneracy of the F 16 CuPc e g LUMO levels (displayed in Fig. 1b ) is thus lifted, likely by a Jahn-Teller effect.
The lifted degeneracy of LUMO levels is best observed by probing the unoccupied molecular orbitals by means of NEXAFS. Spectra of the C K-edge of F 16 CuPc monolayers on the three different surfaces are displayed in Fig. 1c . On Au(111) and Cu(111) the spectra closely resemble that of a multilayer, 13 indicating that contact with these surfaces doesn't significantly alter the unoccupied states of F 16 CuPc. By contrast, on Ag(111) significant modifications are found in the low energy part of the spectrum: two additional components (C A' and C B' ) appear at the low photon energy side of peaks C A and C B . According to previous findings on F 16 CuPc thick films, 17 C A and C B correspond to transitions from the C 1s core levels on the C-C phenyl and C-N pyrrole sites, respectively, to the LUMO. A plausible explanation to the spectral changes is the association of the new additional components at lower photon energy (C A' and C B' ) and the main absorption lines (C A and C B ) with transitions into the low and high energy components of the split e g LUMO levels, respectively. The partial occupation of the lower energy LUMO level also agrees with the lower intensity of the new components, while the absence of similar fingerprints on subsequent resonances is explained by the convolution with absorption transitions onto higher energy unoccupied orbitals unaffected by the Jahn-Teller distortion. 17 
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Comparison of the valence band spectra of F 16 CuPc on Au(111) and Ag(111), displayed in complete quenching of the * transitions in s-polarization, which has been measured also for the C K-edge, indicates a flat absorption configuration for the F 16 CuPc plane on both Au(111) and Ag(111) surfaces, as observed also by scanning tunneling microscopy. 14, 20, 21 The equally flat orientation adopted by molecules on both surfaces thus guarantees that the differences observed between the NEXAFS spectra of the two systems stem from changes in the electronic structure rather than from a modified molecular orientation.
On Cu(111), F 16 CuPc NEXAFS measurements at the C K-edge ( Fig. 1c) and N K-edge ( Fig.   S1 ) show very similar spectral line shapes to those on Au(111), suggestive of an absence of charge transfer from substrate to molecule. Indeed, no intensity close to E F is found in valence band photoemission spectra of F 16 CuPc/Cu(111) (Fig. 3a) . However, from the similar HOMO binding energy and the relatively close work functions of F 16 CuPc/Cu and F 16 CuPc/Ag we expect the F 16 CuPc/Cu LUMO to be very close to E F (Fig. 1a) . As recently reported, one way to fine-tune the sample's work function and thereby the energy-level alignment at the molecule/metal interface is to mix molecular species whose associated interface dipoles on a given surface differ significantly. 14, 22 This is typically the case e.g. with molecules of complementary donor and acceptor character. 14, 23 In the case of F 16 CuPc, the molecular levels can be rigidly shifted to higher binding energies by mixing them for example with pentacene (PEN) molecules. On Cu(111), F 16 CuPc:PEN monolayer blends with a 1:2 stoichiometry form a particularly stable and easy to prepare crystalline structure, as determined by scanning tunneling microscopy ( Fig. 3c ). 14 The work function of the 1:2 blend on Cu(111) is slightly lower than that of F 16 CuPc/Ag(111) (= 4.28±0.03 eV vs.  = 4.40±0.03 eV), and thus we expect comparable or even stronger interfacial charge transfer effects in the case of the 1:2 blend on Cu.
To confirm this assumption, valence band photoemission and NEXAFS spectra were measured for the blend. Fig. 3a shows valence band spectra of the 1:2 blend grown by sequential deposition of 0.5 ML of PEN followed by 0.5 ML of F 16 CuPc (note that due to the different molecular sizes a 1:1 ratio in surface area coverage corresponds to a 1:2 stoichiometry), although equivalent results can be obtained by co-depositing the two molecular species. The valence band spectrum of 0.5 ML of PEN displays two peaks at 0.65 eV (A) and 1.35 eV (B). By adding 0.5 ML of F 16 CuPc, peak B increases in intensity due to the additional emission of the F 16 CuPc HOMO, while a noticeable intensity A' appears at the low binding energy side of PEN's peak A.
To highlight this feature, we subtract the spectrum of 0. Core levels are sensitive to the charge state of the atoms they originate from, and consequently to molecular charging. Besides, they represent the initial states for the electronic transitions measured in NEXAFS experiments and thus have direct impact on those spectra. To deepen our understanding of the above described findings, we have measured N 1s and C 1s core level spectra of each of the systems discussed above and summarize them, along with their corresponding fits, in Fig. 4 . While F 16 CuPc comprises two non-equivalent N atom sites and four C atom sites, for monolayers on Au(111), as well as for multilayers, satisfactory fits can be obtained by using only one component for the N 1s spectrum and three components for the C 1s spectrum (together with their associated satellites). The latter correspond to C atoms bonded solely to C (C-C), C atoms in the pyrrole rings bonded to N (C-N), and C atoms bonded to F (C-F), in order of increasing binding energy as the atoms loose more electrons to species of increasing electronegativity.13 , 14 ,17 The fitted intensity ratio for peaks C-C: C-N: C-F agrees well with the expected 1:1:2 ratio for this molecule. For F 16 CuPc on Cu(111) the spectra can be fitted with a similar model (Fig. 4) , albeit with broader components stemming from a stronger molecule-substrate hybridization. As occurred with the HOMO, core levels are shifted by 0.5 eV to higher binding energy with respect to F 16 CuPc on Au(111), which is consistent with the difference in work function measured for the two interfaces (Fig. 1a) . More important changes are observed for the F 16 CuPc N 1s and C 1s core level spectra as its LUMO gets partially filled in F 16 CuPc/Ag(111) and F 16 CuPc:PEN/Cu(111). In these cases, the fitting procedure requires additional components to provide satisfactory results, evidencing an unambiguous splitting into two components with similar area behind the overall strongly broadened spectra. This splitting effect being related to the partial charging of the F 16 CuPc LUMO, it is strongest for the system with larger charge transfer, F 16 CuPc:PEN/Cu(111). The splitting's physical origin will be addressed in the discussion.
Finally, on the closely related sister molecule CuPc, the same phenomenology is observed.
Both molecules share similar electronic attributes, except for the larger electron affinity and ionization potential brought about by the molecular fluorination in F 16 CuPc. 13, 21, 24 However, the typically smaller interface dipole generated by fluorinated molecules 14,23 leaves F 16 CuPc and
CuPc with a comparable interfacial energy level alignment. As a consequence, the same spectral changes are observed when comparing CuPc's valence band (Fig. 5a ) and core-level photoemission (Fig. 5c) , as well as NEXAFS spectra (Fig. 5b) , on Au(111) and Ag(111). On Ag(111), unambiguous intensity appears close to E F in the valence band photoemission spectra and corroborates partial filling of the LUMO (Fig. 5a ), core-level spectra evidence their splitting into two components (Fig. 5c) , and in N K-edge NEXAFS spectra a clear shoulder N A' is observed at the low energy side of the N A LUMO resonance, the band N B is shifted down in energy and band N C is broadened. Altogether, we conclude the same scenario as for F 16 CuPc: as the work function is reduced in Ag(111), partial filling of the CuPc LUMO levels takes place and lifts their degeneracy (Fig. 5d) . Noteworthy for our following discussion, the F-LUMO state is observed already at the sub-monolayer coverage (0.25 ML and 0.55 ML) and grows in intensity as the coverage increases up to the ML (see SI, Fig. S2 ). Once the ML is formed, a further deposition of CuPc induces this peak to decrease, until it completely disappears at the nominal coverage of about 4 ML. Concurrently, the N 1s and C 1s spectra in the sub-ML to ML coverage regime are satisfactorily fitted by doubling the number of components, while at higher coverages the fit components simply reflect the stochiometry of the molecule (see SI, Fig. S2 ).
Discussion
The combined photoemission and absorption analysis of organic/metal interfaces becomes extremely precise and powerful when carried out with synchrotron radiation, since it provides us the photon energy and light polarization tunability to readily identify molecular levels.
Confirmation of the nature of the probed molecular orbitals is obtained by comparing valence band spectra measured at different excitation energies. The analysis relies on the change of photoionization cross section, 25 whose decrease with increasing photon energy is much larger for the valence band features arising from C 2p and N 2p atomic orbitals than for those arising from the 3d atomic orbitals of the Pc metal center, thus changing their relative intensities. corresponding to a partially filled e g LUMO orbital, and not to the partial filling of the Cu 3d derived singly unoccupied molecular orbital (SUMO). 17 On the other hand, the increasing intensity in the 140 eV spectrum of feature C and partially of feature B [which corresponds to a sum of the vibronic loss of the HOMO (peak A) and the split-off band of state C, as observed for CuPc on Ag(111) 28 ] suggests these signals include contributions from Cu-derived orbitals. We therefore ascribe C to the singly occupied molecular orbital (SOMO, b 1g symmetry), composed mainly by a Cu 3d x 2 -y 2 orbital mixed with contributions from the in-plane 2p x,y orbitals of the four surrounding N atoms. 17 Regarding the empty molecular states, we obtain important information from the strong linear dichroism exhibited by the NEXAFS spectra (Fig. 2b) . 29 Low energy resonances are dominated by transitions into * orbitals, whose intensity is maximized under p-polarization and vanishes under s-polarization. Only one small peak is detected in s-polarization at low photon energies.
This spectral feature corresponds to transitions from N 1s core levels on the inner nitrogen atoms to those atomic N 2p x,y orbitals contributing, together with the Cu 3d x 2 -y 2 orbital, to the SUMO. 17 Its slightly higher energy with respect to the main p-polarization resonance completes, together with the previous photoemission results, our deduction of the order by energy of the molecular orbitals. As shown in the inset of Fig. 2b , the SOMO and SUMO are both outside the HOMO-LUMO gap. The same molecular orbital order is concluded for CuPc from our combined photon energy dependent photoemission spectra (inset in Fig. 5a ) and NEXAFS experiments (Fig. 5b) .
While this goes against several theoretical predictions, 17, 26, 21 other calculations including stronger electron correlations corroborate our findings both in the cases of CuPc, 27,30 and F 16 CuPc. 31 But most important for the present work is the confirmation that the charge transfer from substrate to the molecules does not flow into the SUMO, but into the degenerate LUMO levels causing their Jahn-Teller splitting.
The relation of the double core-level components with the observations in NEXAFS spectra needs to be clarified. Split core-levels can arise from initial or final state effects. The former might relate to, for example, the presence of different adsorption sites. The increasing number of components in C K-edge and N K-edge NEXAFS spectra could then be interpreted as a result of the double number of initial states for absorption transitions, without invoking the splitting of LUMO levels. However, this should affect transitions into all unoccupied states alike, while unambiguous splitting is observed only in those transitions involving the phthalocyanine's LUMO. Besides, according to this assumption, the equal intensity of the split components in XPS spectra would indicate the presence of two equally populated and well defined initial states, which in turn imply ordered molecular arrangements. Focusing for example on the case of CuPc/Ag(111), the core-level splitting observed in our data (Fig. 5c ) would point to an ordered structure already at the submonolayer coverage. However, this interpretation goes against reports of Kroger et al., who observe that CuPc molecules below 0.89 ML display no crystalline order and behave like a 2D gas at room temperature, 28 discarding again the hypothesis that the splitting of core-levels is an initial-state effect and causes the doubling of NEXAFS transitions.
We suggest an alternative interpretation that does not contradict the observations above: a lifted degeneracy of the LUMO level upon partial charging in combination with core-hole screening effects as the origin of the doubled core-levels. The latter are related to the different screening associated with the delocalized charge throughout the LUMO. As displayed in Fig. 1c , the degenerate LUMO levels extend along different molecular diagonals and partial charging of one of them affects half of each of the atomic species in the molecule [this effect is not observed on the F atoms, which as shown in Fig. 1c hardly participate of the LUMO level and therefore leave its core levels virtually unaffected (Fig. S3) ]. While the split core-level components at 13 higher binding energy nearly follow the work function shift of the system, their counterparts benefit from the more effective screening of the partially filled LUMO and are found at lower binding energy. The efficiency of electron screening depends on the degree of LUMO filling, i.e. major screening effects are observed for the system with the largest amount of transferred charge. This is again the case of F 16 CuPc:PEN/Cu(111), where the energy separation of the corelevel doublets is largest in both C 1s and N 1s spectra. Because NEXAFS transitions don't ionize the molecules, screening or final state effects hardly affect the absorption spectra and the splitting can be directly ascribed to the lifted degeneracy of the LUMO levels.
Proof and direct observation of the Jahn-Teller effect upon phthalocyanine charging has been obtained by scanning tunneling microscopy and spectroscopy on CuPc charged externally by the scanning probe. 16 The LUMO splitting was claimed to amount to 0.21 eV, and although this value is significantly smaller than the ~0.7 eV estimated from the analysis of Overall, the observed Jahn-Teller effect in singly charged CuPc molecules provides strong support for our interpretation of the spectroscopic fingerprints upon partial charge transfer to CuPc and F 16 CuPc, which we have further shown to be tunable even for one given intimate molecule-substrate interface.
Methods
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The Au(111), Ag(111), and Cu(111) surfaces were prepared by standard Ar sputtering and annealing cycles, and their cleanliness checked by XPS or STM prior to molecular deposition.
CuPc, F 16 CuPc, and PEN were purchased from Sigma-Aldrich. The molecules have been used as received, except F 16 CuPc, which was additionally purified by gradient sublimation. The c. X-ray photoemission spectra in the N 1s (left panels) and C 1s (right panels) core-level regions of CuPc/Au(111) (top spectra) and CuPc/Ag(111) (bottom spectra). Experimental points (markers) are superimposed to fit spectra (solid line). As in Fig. 4 , the split-off components arising from the partial LUMO filling are colored in red. d. Energy level diagrams for
CuPc/Au(111) and CuPc/Ag(111). For the latter, E F crosses the low energy LUMO tail, inducing a partial charge transfer from substrate to CuPc and the splitting of the two-fold degenerate CuPc LUMO levels.
